nitrogenase activity peaked between 6 and 9 h postshift, declining by a factor of 2 after 12-15 h. Unlike their regulation in cyanobacteria, Fe protein and nitrogenase activity were present when nifHDK mRNA was absent in V. natriegens, indicating that nitrogenase is stored and stable under anaerobic conditions. Both nifHDK mRNA and Fe protein disappeared within 40 min after cultures were shifted from N2-fixing conditions (anaerobic, N-deplete) to non-N2-fixing conditions (aerobic, N-enriched) but reappeared when shifted to conditions favoring N2 fixation. Thus, unlike other N2-fixing heterotrophic bacteria, nitrogenase must be resynthesized after aerobic exposure in V. natriegens. Immunological detection based on immunoblot (Western) analysis and immunogold labeling correlated positively with nitrogenase activity; no localization of nitrogenase was observed. Because V. natriegens continues to fix N2 for many hours after anaerobic induction, this species may play an important role in providing "new" nitrogen in marine ecosystems.
Biological N2 fixation is the reduction of atmospheric N2 to ammonium. The reaction is catalyzed by the enzyme nitrogenase and requires an input of energy via photosynthesis or the metabolism of organic carbon compounds. Nitrogenase and the ability to fix N2 are present in a wide variety of eubacteria and some methanogenic archaebacteria (1, 2) . Several genera of N2-fixing heterotrophic eubacteria have been isolated from marine sediments and have been suggested to be important sources of "new" nitrogen in some systems (3) . Planktonic N2-fixing heterotrophic species also have been described, but their importance as a source of "new" nitrogen is unclear because of difficulties in enumeration and/or quantifying nitrogenase activity (4) (5) (6) . Thus, a reliable estimate of the abundance of heterotrophic N2-fixing bacterioplankton in the oceans, their potential for N2 fixation, and the environmental factors that regulate this potential are either unavailable or obscure.
Nitrogenase is rapidly and irreversibly inactivated by 02, which particularly targets the Fe protein (dinitrogenase reductase) (7) . Consequently, even though a diverse assemblage of heterotrophic marine bacteria with the potential to fix N2 may be present, the potential can be realized only when a suitable
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. carbon source is available and when localized 02-depletion zones are present (4) . The capacity for N2 fixation in natural populations of marine eubacteria is beginning to be evaluated using molecular and immunological techniques (5, 6, 8) .
The eubacterial heterotrophic genus Vibrio is ubiquitous in marine and estuarine environments. Most species are freeliving with some forming a major portion of the surface plankton; others are symbiotic with teleost fishes and squid or are pathogenic in fish and shellfish (9) (10) (11) (12) (13) . Some free-living and symbiotic species are bioluminescent; others are capable of N2 fixation (9, 14) . Little is known, however, about N2 fixation or nitrogenase activity in any of the four species of N2-fixing Vibrio, and virtually nothing is known about their abundance (5, 14) .
The facultatively anaerobic and N2-fixing Vibrio natriegens is found in marine and estuarine environments throughout the world and has one of the shortest doubling times (9.8 min at 37°C) of any bacterium (12, (14) (15) (16) (17) (18, 19 Equal amounts of total RNA (20 jug) were resuspended, electrophoresed, and transferred (19) (20) (21) (22) (25, 26) . A sample (5 ml) was drawn anaerobically after the shift from aerobic to anaerobic conditions and injected into crimp-sealed 20-ml serum bottles previously flushed with N2. Acetylene was generated from A 0 © calcium carbide (27) and injected (1 ml) into the sample bottles. Duplicate experiments and anaerobic negative controls (no acetylene added) were conducted. Gas to an N-deficient UR-FE medium (Fig. 1A) . Both growth rates were essentially identical to a previous study of N2 fixation in V. natriegens that used the same media and temperatures (14) .
The nifHDK mRNA appeared between 120 and 140 min after the shift from aerobic N-replete FL medium to anaerobic N-deficient UR-FE medium, as indicated by binding of the nifHD probe (Fig. 1B) . After the cultures were shifted back to an aerobic N-enriched medium, the nifHDK mRNA disappeared within 40 min, but reappeared between 120 and 140 min after the culture was reshifted to an anaerobic N-deficient condition (Fig. 1B) (Fig. 2B) and between 100 and 120 min (Fig. 3B) The steady-state level of the message declined between 6 and 9 h after the shift (Fig. 3B) . Additionally, nifHDK mRNA declined to undetectable levels within 10 min after cultures growing anaerobically in a N-deficient medium were exposed to air (Fig. 2B) .
Nitrogenase Fe protein antiserum resolved three polypeptides; all three were in the range of molecular masses (35) (36) (37) (38) (39) (40) reported by others using nitrogenase antisera (5, 26) , and all varied in time of appearance during the experiments. One polypeptide of -35 kDa was absent until between 100 and 120 min after shifting to anaerobic conditions (Figs. 1C, 3C , and 4B). Levels of the 35-kDa polypeptide increased from 120 to 160 min and remained high for the period 6-15 h. The polypeptide was undetectable within 40 min of shifting back to an aerobic N-enriched medium, then reappeared 120 min after reshifting to an anaerobic N-deficient medium (Fig. 1C) Fig. 4B ).
During early postshift periods (0-100 min), however, the 37-kDa polypeptide was not detected, and the 38-kDa polypeptide either was not detected or was present at low levels. Both, however, were present at lower levels after N2-fixing cells were shifted from anaerobic to aerobic N-enriched conditions (Fig. 1C) .
Nitrogenase activity appeared 100 min after the aerobic/ anaerobic shift, corresponding to the first whole-cell immunological detection of Fe protein, as well as to detection of the protein (35-kDa polypeptide; Fig. 4B, see also Figs. 1C and  3C ). Although equivalent and high levels of Fe protein were detected from 180 min to 15 h postshift, nitrogenase activity increased linearly to peak levels at 6-9 h, then declined twofold from 12 to 15 h (Fig. 4B) . No The present study has demonstrated the utility of molecular probes to detect the presence and temporal dynamics of N2-fixation capacity in heterotrophic marine bacteria. Refinement and adaptation of these approaches and techniques to natural bacterial assemblages should advance our understanding of the ecological role of heterotrophic N2 fixation in marine ecosystems."
